
1. Introduction
The production of Antarctic Bottom Water (AABW) is a key part of the global overturning circulation, 
transporting gases to the bottom of the ocean basins (Marshall & Speer, 2012). Historically, the large conti-
nental ice shelves and embayments of the Weddell Sea (Gill, 1973) and Ross Sea (Jacobs et al., 1970) have 
been considered the most important regions for the production of AABW. More recently, new source re-
gions of Dense Shelf Water (DSW), AABW’s main precursor, have been discovered in East Antarctic coastal 
polynyas, including the Mertz Glacier in Adélie Land (Rintoul, 1998; Williams et al.,  2010, 2008), Cape 
Darnley/Prydz Bay (Ohshima et al., 2013; Williams et al., 2016) and most recently Vincennes Bay (Kitade 
et al., 2014). In each location, the potential to form and export DSW depends on a combination of factors, 
including the amount of brine released by sea-ice formation in coastal polynyas (Ohshima et al., 2013), 
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Plain Language Summary The production of Antarctic Bottom Water (AABW), the densest 
water in the ocean, is a key factor of the global ocean circulation, distributing heat and helping to regulate 
the climate. The formation of AABW is dependent on the formation of Dense Shelf Water (DSW) in 
coastal regions called polynyas. In polynyas, including those of Vincennes Bay, seawater loses heat to the 
atmosphere while gaining salt through sea-ice formation. The study shows that relatively warm water 
that is normally offshore is coming onto the continental shelf in Vincennes Bay and melting the local 
ice shelves. The input of glacial meltwater then increases the stratification of the water column, making 
it harder for polynyas to establish top-to-bottom convection and to form DSW. In addition, warm waters 
accessing ice shelf cavities at depth could be particularly threatening to the glaciers as they are responsible 
for the highest observed ice shelf basal melting.
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freshening by ice shelf melt (Herraiz-Borreguero et al., 2016), cross-shelf and along-shelf exchange, and 
steering of currents by coastal bathymetry (Williams et al., 2016). Despite many observational and modeling 
studies of the formation and transport of AABW, estimates of the total volume transport remain uncertain 
(Purkey et al., 2018).

The discovery of each new polynya source of AABW in East Antarctica has redefined the existing para-
digm. The discovery that the Mertz Glacier polynya was a substantial source of AABW suggested that the 
large storage volume of the Adélie Depression was a crucial factor as it allowed salinity to build through 
the winter sea-ice growth season (Bindoff et al., 2001; Williams & Bindoff, 2003). Similarly, when the Cape 
Darnley polynya was discovered to have some of the highest DSW salinities in all Antarctica, yet lacked stor-
age volume on the continental shelf, it was first linked to the sheer intensity of the Cape Darnley polynya 
(Ohshima et al., 2013) and then additionally to the upstream “pre-conditioning” from a less saline variant 
of DSW from Prydz Bay (Williams et  al.,  2016). While Prydz Bay has an equivalent amount of polynya 
activity to Cape Darnley (Williams et al., 2016), the salinity of its DSW is reduced by the freshening effect 
of meltwater from the Amery Ice Shelf (Herraiz-Borreguero et al., 2016; Williams et al., 2016). This was 
the first observational evidence of the potential for enhanced melting of Antarctic ice shelves to threaten 
AABW production.

The observation of AABW formation in Vincennes Bay at 110°E (Figure  1) was somewhat unexpected, 
given the relatively modest sea-ice formation in its polynya, its narrow continental shelf and absence of up-
stream polynyas (Kitade et al., 2014). Indeed, this AABW source was found to be relatively weak and likely 
to contribute only to the upper levels of the offshore AABW (Kitade et al., 2014). Nonetheless, it may be an 
important local source region to consider for two reasons. First, as a “weak” source of AABW it provides an 
example of a bottom water source that is delicately poised and therefore likely to be sensitive to change. Sec-
ond, the region receives freshwater input from the local glacier systems (e.g., Vanderford and Underwood) 
and, potentially, from the Totten Glacier downstream.

The Totten Glacier is the major outflow region for the Aurora Basin and has been thinning and losing mass 
in recent decades (Velicogna et al., 2014). The glacier is reportedly already experiencing a positive feedback 
in which inflow of warm water at depth drives more basal melt, which increases stratification, and in turn, 
inhibits DSW formation, allowing more warm waters to reach the deep grounding line and cause further 
high melt (Silvano et al., 2017, 2018). Several glaciers feed into Vincennes Bay, the two largest being the 
Underwood and Vanderford glaciers, each of which has a small ice shelf. These are also outflow gateways 
for the Aurora Basin and have been thinning and losing mass in recent decades, albeit at a lower rate than 
the Totten Glacier (Velicogna et al., 2014; Witze, 2018). The physical processes underlying their thinning 
are currently unknown.

We examine the oceanography of the Vincennes Bay shelf region and surrounds using CTD data from in-
strumented seals. In particular, we detail the pathways and properties of the modified Circumpolar Deep 
Water (mCDW) intrusions in this region relative to polynya activity, with the aim of assessing: (a) the con-
tribution of mCDW to the basal melting of the local ice shelves and, (b) the factors that regulate the capacity 
of this region to form DSW.

2. Data and Methods
2.1. Study Area

Our study area is centered on Vincennes Bay, defined as the shelf region from 104° to 111°E situated along 
the Knox and Budd Coasts of Wilkes Land, East Antarctica (Figure 1). Vincennes Bay has several outlet gla-
ciers, with the Vanderford and Adams glaciers on the eastern flank and the Bond and Underwood glaciers 
on the western side (Figure 1a). Historically, the Vincennes Bay polynya has been defined as the polynya 
region adjacent to the Vanderford Glacier on the eastern flank of the bay. The foraging behavior of the seals 
provides access to additional data from a smaller polynya region west of the Underwood Ice Shelf (Fig-
ure 1b). Accordingly, we will consider both polynya regions, the Vanderford polynya (VP) to the east and 
the Underwood polynya (UP) to the west. The observations from the seal-borne CTDs span the continental 
shelf and upper continental slope, north of Vincennes Bay, where the water masses from the Southern 
Ocean enter and water masses transformed by shelf processes depart.
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2.2. Oceanographic Data and Water Masses

2.2.1. Instrumented Seal CTD Data

The oceanographic data (salinity, temperature, and depth) used in this study come from instrumented 
southern elephant seals (Mirounga leonina; CTD-SRDL) downloaded from the Marine Mammals Explor-
ing the Ocean Pole to Pole (MEOP) Consortium website (https://www.meop.net). Seal CTD-SRDL data 
have helped fill gaps in sampling of Antarctic regions where data from ships are limited due to sea ice or 
challenging weather conditions (Harcourt et al., 2019; Roquet et al., 2014; Treasure et al., 2017; Williams 
et al., 2016). In total 5396 CTD profiles are available in Vincennes Bay, all recorded during the year of 2012 
when 22 seals were tagged at Casey Station (66.28°S, 110.53°E). Of these profiles, 1488 and 690 were record-
ed in the VP and UP, respectively. The data covers most of the year from February to November, with the 
highest number of profiles sampled between February and May.
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Figure 1. Region of Study and Data Distribution. (a) The map shows Vincennes Bay and the subdivided regions used 
in this study (red rectangles): (i) Vanderford polynya (VP), (ii) Vanderford polynya’s outflow (OF) and (iii) Underwood 
polynya (UP). Colored contours depict sea ice production during 2012, and dashed black lines in (a) and (b) depict 
the 10-year (2008–2017) averaged sea ice production contour of 5 m 1yr  (Tamura et al., 2016). On the top left corner, 
an inset map extends to the east of the region, showing the location of the Totten Ice Shelf (TIS). (b) Seal CTD data 
distribution showing the difference between the bottom depth of the seals’ dives and the bathymetry data (depth = 
depthseal – 2depthBedmap ) from Bedmap2 (Fretwell et al., 2013). Profiles that have negative differences larger than −200 m 
are highlighted, and the remaining are shown in gray. In addition to the bathymetry data, coastline and ice shelves are 
also from Bedmap2 (Fretwell et al., 2013).

https://www.meop.net
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The CTD-SRDLs record the ascending profiles at 1 Hz sampling fre-
quency, retaining only the deepest dive within a six-hour period. 
The location of the individual profiles is provided by the Advanced 
Research and Global Observation Satellite (ARGOS) system, precise 
to within a median error of less than 4  km using the data process-
ing method described in Jonsen et al.  (2020). While CTD-SDRL data 
is less accurate than ship-based measurements, there has been ongo-
ing development of the post-processing protocols (Jonsen et al., 2020; 
Mensah et al., 2018; Siegelman et al., 2019). Using the two-step post-
processing correction factors outlined in Siegelman et al.  (2019), the 
accuracy of data used in this paper are ±0.04°C for temperature and 
0.03 g 1kg  for salinity.

2.2.2. Antarctic Water Mass Definitions

There is some variability in the nomenclature and properties used to de-
fine water masses around the coastal margin of Antarctica, especially in 
regions of AABW production (Jacobs et al., 1970; Kitade et al., 2014; Wil-

liams et al., 2016). We follow the water mass definitions of Williams et al. (2016) and Silvano et al. (2017), 
using neutral density to distinguish the three classic offshore water masses of Antarctic Surface Water 
(AASW), CDW, and AABW. Water mass transformations driven by ice-ocean-atmosphere interactions over 
the continental shelf produce three additional water masses: Winter Water (WW), DSW and Ice Shelf Water 
(ISW), whose properties are described in Table 1.

Over the continental slope, fresh and cool AASW incorporates both the winter and summer mixed lay-
ers. WW is the name given to the winter mixed layer within the AASW. The denser CDW is “modified” 
(cooled and freshened) as it moves southwards and intrudes across the continental shelf break in discrete 
locations, where it is referred to as mCDW (Table 1). If sea-ice formation is weak, then mCDW will be the 
densest water mass in the shelf, despite being the warmest, sitting below the winter mixed layer of the 
AASW and becoming the dominant water mass at the bottom of the water column. In this situation, if 
it finds a trough on the shelf, mCDW can reach the grounding lines of the ice shelves where it can drive 
strong basal melt (Jacobs et al., 2012; Jenkins et al., 2010; Rintoul et al., 2016). However, if the sea-ice 
formation is intense, as in large coastal polynyas, then the winter mixed layer will convect to the bottom 
and form DSW, the precursor to AABW. In regions where DSW is present, the lighter mCDW will intrude 
on the continental shelf at mid-depth, rather than near the seabed (Narayanan et  al.,  2019; Williams 
et al., 2010, 2008).

Given the dependence of the sea water freezing point on pressure (Foldvik & Kvinge, 1974), all shelf 
water masses (AASW, mCDW, and DSW) can potentially drive melt of ice shelves. A cold cavity ice 
shelf has, in general, lower area-averaged rates of basal melt than a warm cavity ice shelf (e.g., Sil-
vano et al., 2016). The Mertz Glacier Tongue and Amery Ice Shelf are cold cavity ice shelves in East 
Antarctica, with area-averaged melt rates less than 2 m 1yr  (Liu et al., 2015; Rignot et al., 2013). Ar-
ea-averaged melt rates in warm cavity ice shelves can vary from 4 to 20 m 1yr  (Liu et al., 2015; Rignot 
et al., 2013).

Depression of the freezing temperature with pressure means that thermal forcing driving melt in-
creases with depth. Consequently, the strongest melt typically occurs at the grounding line, driven 
by the densest water mass (mCDW or DSW) present in the region. The buoyant (fresher) meltwater 
rises along the sloping base of the ice shelf and mixes with ambient seawater before exiting the cavity. 
If the temperature of the mixture of glacial meltwater and ambient waters remains below the sur-
face freezing point, the mixture is classified as ISW. If the temperature exceeds the surface freezing 
point, the mixture will not be classified as ISW even though meltwater is present. Glacial meltwater, 
either as ISW or not, can also be detected using isotopes of oxygen and isotopes of the noble gases 
(Schlosser, 1986).
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Water Mass  3( )n kgm θ(°C) Salinity

AASW   28n

mCDW  28 28.27n   1.7 1.5

WW  27.55 28n   1.8

DSW   28.27n    1.92 1.8  34.4S

ISW   1.92

Abbreviations: AASW, Antarctic Surface Water; DSW, Dense Shelf Water; 
ISW, Ice Shelf Water; mCDW, Modified Circumpolar Deep Water; WW, 
Winter Water.

Table 1 
Classification of the Water Masses in Vincennes Bay
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3. Results
3.1. Distribution of Water Masses in Vincennes Bay

We begin by examining the distribution of water masses on the continen-
tal shelf of Vincennes Bay during the year of 2012 (Figure 2).

3.1.1. Modified Circumpolar Deep Water

The dominant water mass both on and off the shelf is the warm and rel-
atively saline mCDW (Figure 2a). The Antarctic Slope Front (ASF) is the 
boundary between warm offshore CDW and colder shelf waters, tradi-
tionally defined using the position of the subsurface 0°C isotherm (e.g., 
Jacobs, 1986, 1991). The seal CTD data, primarily from March and April, 
show that the subsurface 0°C isotherm is well south of the shelf break 
between 108° and 110°E (Figure 2a). The 0°C isotherm is commonly used 
to describe the presence, strength and variability of mCDW intrusions 
around the Antarctic shelf break (Williams et al., 2010). The presence of 
water warmer than 0°C on the continental shelf in Vincennes Bay indi-
cates strong intrusions of mCDW.

The maximum mCDW temperature on the shelf is centered around 
109°E and the intrusion enters through a small canyon-like structure on 
the slope (110°E), following the 600 m isobath onto the continental shelf 
(Figure 2). The seal dives indicate the trough could be up to 800 m in 
some locations (Figure 1b). The warmest mCDW spreads across the shelf 
just south of the canyon near 109.5°E. Seal dives indicate the bathyme-
try on that stretch is also deeper than reported by Bedmap2 (Figure 1b), 
suggesting the trough may facilitate the spreading of mCDW across the 
shelf. At around 65.5°S/109°E, the inflow of mCDW appears to bifur-
cate across the central shelf area (Figure 2a), cooling on its way to the 
ice shelf margins. Maximum temperatures of ≈0.5°C are recorded at VP 
and temperatures warmer than −0.5°C reach the Vanderford ice shelf 
(Section 3.2).

The warmth and magnitude of these mCDW intrusions are quite remark-
able compared to other East Antarctic regions, but on par with the Totten 
Glacier/Sabrina coast region upstream, where water as warm as −0.4°C 
reaches the ice shelf front (Silvano et al., 2017, 2018), and with Lützow-
Holm Bay where temperatures of 0.14°C are observed also at the ice 
shelf front (Hirano et al., 2020). In the Mertz Glacier, mCDW intrusions 
reached the offshore end of the Mertz Glacier Tongue prior the calving 

event, but unlike Vincennes Bay, the mCDW intrusions were lighter than DSW and therefore found at 
mid-depth (Williams et al., 2010). In Vincennes Bay, the seals recorded the warmest mCDW in each profile 
between 200 and 900 m depth (or near the sea floor, depending on the bathymetry; Section 3.2). As for 
Prydz Bay, mCDW intrusions make it all the way to the Amery Ice Shelf cavity, but temperatures are below 
−1.7°C (Herraiz-Borreguero et al., 2015). Yet, the intrusions in East Antarctica are not as warm as those in 
West Antarctica, where mCDW temperature can be as warm as 1°C at the glaciers’ grounding line (e.g., Pine 
Glacier; Jenkins et al., 2010).

The spreading of mCDW across the shelf is illustrated by a vertical section obtained by a seal foraging be-
tween the Vanderford Glacier and the central shelf near 109.5°E. This section captures the core of a mCDW 
intrusion up to 300 m thick (Figure 3). The most significant feature, beyond its temperature maximum of 
0.5°C, is that this mCDW sits at the bottom of the water column. That is, mCDW is the densest water mass 
in the water column when no DSW is present.
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Figure 2. Water Mass Distribution. (a) modified Circumpolar Deep Water 
(mCDW). Intrusions of mCDW are shown as the maximum temperature 
values recorded for mCDW  ( C)max  across the bay. (b) Dense Shelf Water 
(DSW). Maximum salinity values of DSW. (c) Ice Shelf Water (ISW). 
Minimum potential temperature  ( C)min  values of ISW. Dashed black 
lines depict the 10-year (2008–2017) averaged sea ice production contour 
of 5 m 1yr  (Tamura et al., 2016). The gray cloud represents the remaining 
profiles from the data set that do not contain the specific water masses 
depicted in each plot.
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3.1.2. Dense Shelf Water

DSW is primarily found in the VP, and to a lesser extent in the UP further west (Figure 2b). Mean salinity 
for the DSW was 34.49, which is right at the lower bound for DSW ( n  28.27 3kgm ) around Antarctica 
(Williams et al., 2016). Water of this salinity was also reported by Kitade et al. (2014) on the outer shelf of 
Vincennes Bay. The maximum DSW salinity value of 34.57 was recorded by a single profile near the sea 
floor (66.26°S, 107.25°E). Given some of these profiles are late summer/autumn observations, part of the 
DSW seen in Figure 2b is remnant DSW formed in the previous winter’s sea-ice growth season. There is also 
evidence of remnant DSW trapped in one of the small troughs on the shelf (66.5°S), as this specific profile 
is from May and deep convection in the region does not start until later in the year (Section 3.2, Figure 4).

3.1.3. Ice Shelf Water

ISW (θ<−1.92°C) is present near the western side of the Vanderford and Underwood ice shelves (Fig-
ure 2c). The coldest ISW (−2.05°C) is found adjacent to the western Underwood ice-shelf front. The lack 
of ISW observed in Vincennes Bay, when compared to other locations in East Antarctica such as Prydz 
Bay (Herraiz-Borreguero et al., 2016), could be due to erosion of the sub-freezing point temperature signal 
through mixing with warmer waters, as observed in the Totten region (Silvano et al., 2017, 2018), or due to 
the irregular spatial/temporal “sampling” of the seals.

3.2. Seasonal Evolution of Vertical Stratification

The seasonal evolution of the vertical stratification in VP is shown in Figure 4. In February, relatively warm 
and fresh water occupies the upper 200–300  m and a potential temperature maximum associated with 
mCDW is found at about 400–600 m depth. By March, the surface layer begins to cool, with a few profiles 
reaching the surface freezing point, but the surface layer remains stratified. The surface layer cools further 
and increases in salinity in April, indicating the onset of sea ice formation, but the surface mixed layer 
remains shallow (200 m). By May, continued cooling and brine release into the mixed layer have removed 
the near-surface stratification resulting in a 300 m deep mixed layer with temperatures near the surface 
freezing point. The depth of convection in May and June coincides with the top of the mCDW layer, sug-
gesting that the stratification associated with the mCDW limits the depth of convection at this point in the 
seasonal cycle. The strength of the mCDW temperature maximum varies from month to month, possibly 
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Figure 3. Across shelf intrusion of modified Circumpolar Deep Water (mCDW). Vertical sections of (a) Potential temperature and (b) salinity compiled from 
Seal 5 CTD data between 22nd Mar and 16th April. Vertical thin white lines indicate the position of the profiles used in the interpolation. The solid black line is 
the neutral density ( n) contour of 28 kg 3m . This isopycnal generally indicates the position of mCDW in the water column. The shaded brown area shows the 
bathymetry of the transect, according to Bedmap2 (Fretwell et al., 2013). (c) Inset: Location of data with time.
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reflecting differences in spatial sampling (e.g., relatively cool mCDW is observed in May, when profiles are 
concentrated near the ice front, as discussed below).

Convection extends to the sea floor in many of the September profiles. As there are not any profiles in July 
and August in the polynyas, it is not possible to say when full-depth convection first occurred. However, 
some profiles still show relatively warm water (up to −1.5°C) at depth for this time of year. The heat at depth 
is removed by ongoing convection in October and November, resulting in a near-homogeneous water mass 
close to the surface freezing point and with salinity greater than 34.4 (i.e., DSW).

A similar seasonal evolution is observed in the UP. Data from the UP only covers the period from March 
to June. Top-to-bottom convection is not observed (Figure 5), as found in the VP for the same months. The 
fresh surface layer observed in March is partly removed by the onset of sea ice formation in April, when wa-
ter at the surface freezing point is more widespread. The subsurface temperature maximum of the mCDW 
is cooler at UP than that found at VP, in each month. ISW is more prominent at UP than at VP, with the 
strongest signal seen in April and May at depths of 400–500 m. Continued cooling and brine release results 
in a homogeneous surface mixed layer in May (as in VP), with the depth of convection extending to the top 
of the mCDW subsurface temperature maximum. By June, ongoing convection has deepened the surface 
mixed layer to about 400 m and removed most of the subsurface heat reservoir (in contrast to VP, where 
water warmer than −1.5°C is observed at depth on most profiles). While top-to-bottom convection is not 
observed, DSW is found at the bottom of the profiles in June, with properties similar to those observed in 
VP in October and November. The DSW observed at the UP in June may therefore have been formed the 
previous winter.

The erosion of mCDW in the polynyas and its replacement at the bottom by DSW is visible when we look 
into depth-averages of thermohaline properties versus time (Figure 6). From March to May, relatively warm 
and saline waters are present between 200 and 500 m, indicating the presence of mCDW (Figure 6a). The 
layer-average salinity increases from March to May as the fresh values near 200 m in March are replaced by 
saltier waters through April and May. By June, the 200–500 m layer has cooled and some DSW (θ<−1.8°C, 
S>34.4) is observed. By September, DSW has entirely replaced the mCDW, with similar properties in the 
200–500 m layer and between 500 m and the bottom (Figure 6b). Warmer temperatures and slightly lower 
salinities are observed between 500 m and the bottom between March and June, suggesting that the DSW 
formed in winter is exported from the region and does not persist in the area throughout the year. Another 
possibility is that in 2011 DSW was less dense than it was in 2012. Although the annual cumulative SIP for 
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Figure 4. Seasonal evolution of vertical stratification in VP. Data is displayed in vertical salinity profiles for each month available (a–h). Data is colored-
coded by potential temperature (°C) in (a–h), and by bottom potential temperature (°C) in the map insets. The colored dots show the correspondent potential 
temperature (°C). Dashed black vertical lines correspond to the lower limit of Dense Shelf Water’s (DSW) salinity definition (34.4).
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2011 is the highest of all the years available in this study (Figure 7b), other factors could have interfered with 
DSW formation, such as stronger mCDW intrusions.

A wide spread of water mass properties is observed in both polynyas, especially in March and April when 
the sampling is dense (Figures 4b, 4c, 5a, and 5b). Differences from month-to-month may in part reflect 
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Figure 5. Seasonal evolution of vertical stratification in UP. Data is displayed in vertical salinity profiles for each month available (a–d). Data is colored-coded 
by potential temperature (°C) in (a–d), and by bottom potential temperature (°C) in the map insets. Dashed black vertical lines correspond to the lower limit of 
Dense Shelf Water’s (DSW) salinity definition (34.4).

Figure 6. Mean potential temperature and salinity time series for VP. (a) Time series for the averaged potential temperature (°C; solid orange line) and salinity 
(solid blue line) at 200–500 m and (b) at 500 m to the bottom of the profiles. The transparent lines (orange and blue) are a mirror of the time series in (a) for 
easy comparison between the depth layers. Dots in both panels are the values used in the mean calculation.
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different spatial sampling in different months (see insets in Figures 4 and 5). While in most months the 
seals covered both the region near the ice shelves and the broader polynya, in February and May the sam-
pling was focused near the ice shelves. Nevertheless, despite differences in spatial sampling, the seasonal 
evolution of water properties is consistent with the seasonality of sea ice production (SIP) observed in both 
polynyas (Figure 7).

For the year of 2012 (Figure 7a), SIP starts in March, but declines shortly after (May). This pattern coincides 
with the months the polynyas are eroding mCDW (Figures 4d and 4e and Figures 5c and 5d). When winter 
convection attempts to start, it brings warm water (mCDW) that was sitting at the bottom up to the surface, 
which stops SIP until all heat is eroded from the water column. In July, SIP finally hits peak in both polyn-
yas, but unfortunately there are no profiles available in the polynyas for comparison. As for interannual var-
iability of SIP (Figures 7b), 2012 was an average year for Vincennes Bay, being the 4th best year of the 10-year 
time series of SIP estimates (Tamura et al., 2016) with nearly 10 m of total cumulative SIP in average. SIP 
is calculated using the European Centre for Medium-Range Weather Forecasts Re-Analysis data (ERA-40: 
1992–2001, ERA-interim: 1992–2013) and the National Centers for Environmental Prediction/Department 
of Energy Re-Analysis data (NCEP2: 1992–2013; Tamura et al., 2016).

The evolution of water masses through the year can be seen more easily in potential temperature - salinity 
diagrams. In Figures 8–10, the Gade line (Gade, 1979) helps to understand how DSW and mCDW interact 
with the Vanderford ice shelf. In  /S space, the slope of a straight line describes the evolution of the mixing 
between glacial melt-water and the ambient ocean beneath the ice shelf to form ISW. This line is known as 
the melt-freeze line or Gade line (Gade, 1979) and it is defined by,

    
   0

0 0 0

( ) ( )f i i f

w w

T cd L
dS S c S c S

 (1)

where L is the latent heat of fusion for ice (3.35 × 105 J 1kg ); 0 and 0S  are the potential temperature and 
salinity, respectively, of the source water; cw and ci are the specific heat capacity of water and ice (4000 and 
2010 J   1 1kg C , respectively);  f  is the potential freezing temperature at the ice shelf base; and, Ti is the tem-
perature of the basal ice (here we use the temperature of the glacial ice,  15 C). The first term in Equation 1 
comes from the energy necessary for the change of state (melting/freezing). This term dominates at ≈2.4°C. 
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Figure 7. Vanderford vs Underwood sea-ice production. (a) Averaged monthly sea ice production (SIP, blue) and cumulative mean SIP (orange) in 2012 for 
Vanderford (dashed line) and Underwood (solid line) polynyas. (b) Annual cumulative SIP for Vanderford (dashed line) and Underwood (solid line) polynyas. 
SIP data estimate is provided by Dr. Takeshi Tamura (Tamura et al., 2016).



Journal of Geophysical Research: Oceans

The second term is from the heat necessary to warm the ice to its melting point; and the third term is due to 
the cooling of the ambient water to its freezing point. The latter is the smallest term (2 orders of magnitude 
smaller than the first). Nøst and Foldvik (1994) showed that, to first order, ISW properties depend on the  /S 
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Figure 8. Vanderford Polynya /S distribution. (a–e) /S distribution along February–November for VP (dark blue) and its Outflow (OF, pink), defined as the 
region in between the two polynyas. The  n isopycnals of 27.7 (WW, Winter Water), 28 (mCDW, modified Circumpolar Deep Water) and 28.27 (DSW, Dense 
Shelf Water) are highlighted in purple, red and yellow, respectively. The horizontal yellow dashed line indicates the upper limit of DSW’s temperature definition 
(θ = −1.8°C). Seawater surface freezing point is shown by the horizontal gray dashed line. The mixing line (or Gade line,  = 2.6) is drawn using the /S of the 
warmest mCDW found near the coast in VP polynya (−0.5°C) and indicates how the thermohaline characteristics of seawater evolve when basal melt occurs 
(light blue dashed line). Additional Gade lines join DSW (dashed garnet line) and mCDW (orange dashed line) to Ice Shelf Water (ISW) or to cooler and fresher 
water underneath the mixed layer, respectively.
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Figure 9. Basal-melt in Vanderford and Underwood Polynyas. (a) Map showing where the data are located with 
respect to the Vanderford and Underwood ice shelves. Black: all data for March in VP and OF, and April 2012 in UP. 
The red and pink dots are a subset of profiles whose /S properties follow the Gade line in VP and UP, respectively. (b) 
/S for VP. Three Gade lines are drawn according to different source waters and temperature ranges: Dense Shelf Water 
(DSW) at −1.8°C and 34.5 (red), modified Circumpolar Deep Water (mCDW) at −1.6°C and 34.46 (black) and mCDW 
at −1.05°C and 34.51 (green). Measurements are color-coded by depth and profiles that follow the green Gade line are 
highlighted in red. (c) Profiles in (b) are plotted as vertical salinity profiles, color-coded by potential temperature (°C). 
(d) /S for UP. Two Gade lines are drawn according to different source waters and temperature ranges: DSW at −1.8°C 
and 34.46 (red) and mCDW at −1.6°C and 34.46 (black). Measurements are color-coded by depth and profiles that 
follow the black Gade line are highlighted in pink. (e) Profiles in (d) are plotted as vertical salinity profiles, color-coded 
by potential temperature (°C). The  n isopycnals of 27.7 (WW, Winter Water), 28 (mCDW) and 28.27 (DSW) are shown 
in gray for reference in (b and d).
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of the source water mass that produced it, and are almost independent of entrainment and melt rates. Thus, 

further mixing of ISW with its source water has little or no effect on the 
d

dS
 described by the equation above.

The melt-freeze line or Gade line (Gade, 1979) links the meltwater and the source water mass driving melt, 
in the absence of mixing with other water masses. Neutral density surfaces assist in understanding the mix-
ing patterns by showing isopycnal mixing pathways. In Figure 9a, mCDW cools and freshens following the 
Gade line (profiles marked in red), suggesting that mCDW is able to melt the Vanderford ice shelf (mean 
ice draft of 486 m; Fretwell et al., 2013). This cooling and freshening occurs at depths of 400–600 m, below 
the base of the pycnocline, suggesting the thermohaline changes in mCDW are not linked to mixing with 
the winter water layer associated with deep convection, but with glacial meltwater. In May and June (Fig-
ures 8d and 8e), the water column cools (Figures 4d and 4e), but it is only in September that stratification is 
removed and DSW starts to form (Figures 4f and 8f).

In Figure 8, ISW is observed in March, April and again in October. This irregular appearance is likely a 
reflection of the seals’ navigation patterns, rather than actual variability in the ISW outflow. The DSW of (S
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Figure 10. Underwood Polynya /S distribution. (a–d) /S distribution along March–June for UP (green) and VP’s 
Outflow (OF, pink), defined as the region in between the two polynyas. The  n isopycnals of 27.7 (WW, Winter Water), 
28 (mCDW, modified Circumpolar Deep Water) and 28.27 (DSW, Dense Shelf Water) are highlighted in purple, red 
and yellow, respectively. The horizontal yellow dashed line indicates the upper limit of DSW’s temperature definition 
(θ = −1.8°C). Seawater surface freezing point is shown by the horizontal gray dashed line. The Gade line ( = 2.6) 
is drawn using the /S of the warmest mCDW found near the coast in VP polynya (−0.5°C) and indicates how the 
thermohaline characteristics of seawater evolve when basal melt occurs (light blue dashed line). An additional Gade 
line (dashed garnet line) fails to join the observed DSW in the bay to Ice Shelf Water (ISW).
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34.5) is linked to the observed ISW by the Gade line (Figure 8c, garnet line), suggesting DSW is the parent 
water for the observed ISW and thus, is also able to drive basal melt under the Vanderford ice shelf. In sum-
mary, both DSW and mCDW drive basal melt of the Vanderford Ice Shelf, with the influence of each water 
mass varying through the year.

The process seems to be the same in the UP. mCDW reaches VP first and then moves to UP, cooling as 
it goes, as shown by the progression from VP data points (Figure  8, blue) to its outflow (OF; Figures  8 
and 10, pink) and finally, to UP (Figure 10, green). The Underwood Polynya has more ISW than VP (Fig-
ures 10a–10c). The ISW is produced by basal melt driven by mCDW ( n  28 3kgm ), as indicated by the 
profiles (pink) following the Gade line in Figure 9d (black dashed line). Yet, despite good coverage of the 
area, few profiles in UP show the presence of DSW. As a consequence, the Gade line fails to connect the few 
DSW data points to ISW in this polynya (Figures 10b and 10c).

4. Discussion
Vincennes Bay along the Knox (100.51–109.26°E) and Budd Coasts (109.26–115.55°E) of Wilkes Land, East 
Antarctica, has gained attention in recent years as Antarctica’s fifth, albeit weakest, source of AABW (Kita-
de et al., 2014). Its initial discovery was made from offshore moorings (64.51°S/107.5°E; 64.28°S/105.03°E) 
which detected a relatively low salinity variety of modified AABW (3000 m) on the continental rise, con-
tributing to the upper layer of AABW in the Australian-Antarctic Basin. This was attributed to a DSW for-
mation of mean salinity of 34.5 below 500 m in the Vincennes Bay polynya system, using the same data set 
used in this study (Kitade et al., 2014). Despite the growing interest in the oceanography of this region, there 
have been no detailed oceanographic measurements on the continental shelf to further elucidate this con-
nection. Our results provide the first direct observations of DSW formation on the shelf. The DSW formed in 
Vincennes Bay is relatively fresh and light, as inferred from offshore measurements by Kitade et al. (2014).

Using oceanographic profiles collected by seals, we found that warm and saline mCDW is widely distribut-
ed on the shelf, positioning Vincennes Bay as the shelf region with both the widest spatial distribution of 
mCDW and the warmest mCDW ever recorded in East Antarctica (Bindoff et al., 1999; Herraiz-Borreguero 
et al., 2015; Rintoul et al., 2016). The data show strong summer-early autumn (February to May) intrusions 
of mCDW. The intrusions are also observed in June, suggesting intrusions occur in winter. However, the 
sampling is insufficient to confirm whether mCDW intrusions occur year-round.

The inflow of mCDW causes basal melt of the local ice shelves which, in turn, interferes with the formation 
of DSW by the Vincennes Bay polynyas. The addition of freshwater strengthens the water column strat-
ification and hinders DSW formation. Top-to-bottom convection is delayed in Vanderford polynya when 
compared to other regions, such as Adélie Land (Williams et al., 2011), and this delay reduces the salinity 
of DSW formed in Vincennes Bay.

The Vanderford polynya is not the only East Antarctic polynya where freshwater input inhibits the forma-
tion of DSW, or where mCDW occupies the bottom of the water column. The Totten Glacier (≈115°E) was 
the first region in East Antarctica to be identified with mCDW at the bottom of the water column (Rintoul 
et al., 2016) and later studies have highlighted the relationship between mCDW intrusions and DSW for-
mation (Morrison et al., 2020; Narayanan et al., 2019; Silvano et al., 2018). Silvano et al. (2018) showed how 
the lack of DSW formation in the Dalton polynya allows intrusions of mCDW at depth to reach the Totten 
cavity. In addition, enhanced ice-shelf melt helps maintain the strong stratification that isolates inflowing 
mCDW from cooling by the atmosphere (Silvano et al., 2016, 2017, 2018).

Unlike the Totten region, both mCDW and DSW are found in Vincennes Bay. Although that could indicate 
that where and when DSW is present in the bay there is no mCDW (Narayanan et al., 2019), the interplay in 
the polynyas suggests otherwise. Both DSW and mCDW were found to be accessing the local ice shelf cavi-
ties and driving basal melt. This process also differs from West Antarctica, where no DSW is formed under 
mCDW intrusions, and mCDW fills the ice shelf cavities year-around and drives rapid melt.

In the Totten Glacier, there is a clear deep mCDW layer beneath a meltwater-laden upper layer. In Vin-
cennes Bay, although the configuration is similar, mCDW occurs throughout the water column from the 
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base of the summer mixed layer to the bottom (Figures 4 and 5, March (b) and April (c)). The depths at 
which mCDW approaches the Vanderford ice shelf are also quite remarkable. Figure 11 shows the depth 
and temperature of the mCDW temperature maximum for all profiles in the bay (top panel), excluding 
the slope. Although most of its core distribution lies between 300 and 600 m, mCDW extends to depths 
of up to 1354 m with maximum temperatures of −1.2°C adjacent to the Vanderford ice shelf front, whose 
grounding line is at an average of 1200 m according to Bedmap2 (Fretwell et al., 2013). In the Totten Basin, 
Silvano et al. (2017) showed mCDW with maximum temperatures of −0.4°C reaching the glacier to depths 
of 1100 m, which delivers sufficient heat to cause local melting. Likewise, we identify a profile near the 
northern tip of Vanderford Glacier with maximum temperatures of −0.7°C at 1132 m depth (Figures 11b, 
red star). More importantly, many profiles in the area have similar temperatures and are in the 600–700 m 
depth range, which also makes them capable of causing sub-glacial melt.

The glaciers in Vincennes Bay have been losing mass, at similar rates to the Totten glacier (Witze, 2018). 
All these glaciers drain the Aurora basin, which holds up to 7 m of sea level rise equivalent (Morlighem 
et al., 2020). Of this total sea level rise estimate, Vincennes Bay drains up to 0.67 m (Morlighem et al., 2020). 
Maps of ice velocity and surface height elevation show that the glaciers in Vincennes Bay have lowered their 
surface height by almost 3 m since 2008 (Viñas, 2018). Although small when compared to West Antarctica, 
the ice loss is indicative that East Antarctica might not be as sheltered from melting as previously thought 
and that its glaciers are already undergoing ocean-driven change (Witze, 2018).

Exacerbating matters, the subglacial basins drained by Vincennes Bay’s glaciers are grounded below sea 
level (Viñas, 2018). The bedrock below the glaciers slopes downward inland of the grounding line (Siegert 
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Figure 11. Modified Circumpolar Deep Water (mCDW) max and depth of max. (a) Maximum potential temperature of each mCDW profile in Vincennes 
Bay below 150 m. (b) The corresponding depth of the mCDW max shown in (a). The position of a profile near the shelf that shows mCDW with similar 
characteristics (  and depth) to the mCDW found near the Totten Ice Shelf (Silvano et al., 2016) is highlighted with a red star. Profiles that did not record any 
mCDW are displayed in gray in (a and b). (c) The profile highlighted in (b) is shown in red (red dots are the direct measures and the line is the interpolated 
data).
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et al., 2016), so we may expect accelerated retreat of the glaciers due to Marine Ice Shelf Instability (Ed-
wards et al., 2019). The maximum depth of a number of seal dives near the glaciers is up to 600 m deeper 
than indicated by BedMap2 bathymetry (Figure 1b; Fretwell et al., 2013), suggesting that warm mCDW 
could have access to the ice-shelf cavity at depth, where it can drive rapid basal melt (Millan et al., 2020). 
Yet, seal profile location errors should be considered, specially along the shelf break, where a relatively 
small error in position can lead to a large depth. More investigation of the local bathymetry is needed to 
identify with certainty how mCDW is accessing the cavities of the local ice shelves.

5. Conclusion
Many questions remain on the future of DSW formation in Vincennes Bay, including whether the VP might 
be headed to a scenario where it does not generate deep winter convection due to increased stratification 
of the ocean. Silvano et al. (2017) showed that meltwater input to the Dalton Polynya results in increased 
stratification and impedes winter convection near the Totten Glacier, which allowed mCDW intrusions to 
persist on the shelf (Narayanan et al., 2019). Our observations in Vincennes Bay show that mCDW intru-
sions are driving local glacial melt, which increases stratification making it harder for polynyas to generate 
deep convection. Convection to the sea floor in Vanderford Polynya only seems to occur sometime after July, 
appearing in the data set for the first time in September. Additional freshwater input may be sufficient to 
make the Vincennes Bay system transition to a state similar to the Dalton Polynya/Totten continental shelf, 
with no DSW formation and enhanced inflow of warm mCDW driving additional glacial melt. Vincennes 
Bay only just manages to produce DSW dense enough to reach the top of the offshore AABW layer (Kitade 
et al., 2014). Further study and monitoring of this region will determine if and when enhanced-melting of 
the local glaciers will stop DSW formation in Vincennes Bay completely. For now, the low salinity of the 
DSW in Vincennes Bay shows that meltwater is already hindering its production.

Thanks to the contribution of instrumented seal CTD data from regions and seasons outside traditional 
ship-based measurements, there have been a series of novel oceanographic discoveries in Antarctic coastal 
regions. With the data in hand, it is not possible to say if these intrusions have always been present in Vin-
cennes Bay but previously overlooked because of sampling limitations, or if this is a relatively new process 
that will continue to increase into the future. Although previously thought to be sheltered, both Vincennes 
and Totten continental shelves and ice fronts are reached by warm mCDW, showing that this part of East 
Antarctica is not isolated from warm water. Long-term observations of how, where and how often mCDW 
intrudes onto the East Antarctic continental shelf will make an important contribution to understanding 
how changes in Antarctic water mass structure and interactions will affect global climate and future sea 
level rise.

Data Availability Statement
The data set for this research is described in Treasure et al. (2017); Roquet et al. (2014, 2017). Data can be 
found at the MEOP consortium website (https://www.meop.net/database/meop-databases/density-of-data.
html) and access to it may be requested by filling in this form (https://www.meop.net/download2/).
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